Abstract: In this paper, a control strategy for improving safety in human-robot interaction is described. The approach is based on the concept of kinetostatic danger field-a safety assessment recently proposed in the literature. A method for mapping the danger field information directly into position/velocity commands, thus bypassing the dynamics of the manipulator, is presented. Such an approach is suitable for industrial manipulators that usually require decentralized position control. Moreover, decoupling of task and posture behavior enables safety enhancement without compromising the task. The proposed control strategy is validated within a simulation study.
INTRODUCTION
The idea behind the safety-oriented control is to shape the control strategy to supplement the intrinsic safety or to compensate some limitations inhered from the mechanical design. The latter aspect is particularly important if the goal is to boost the safety when dealing with robots that are not a priori designed for safe interaction, e.g., industrial manipulators. Beside an intuitive tactics to utilize the pure reactive control for safety purposes, the scope can be extended to concepts like safeguarding zones, human tracking, etc.
In the work of Ikuta et al. (2001) ; Nokata et al. (2002) ; Ikuta et al. (2003) , the minimization of the risk in interaction by means of mechanical design and by means of planning and control is discussed. Although the main issue was safety in human-care robotics, they introduced the first systematic quantitative methods (danger index, safety index, etc.) in safety evaluation, concerning human robot interaction in general. Heinzmann and Zelinsky (2003) proposed a control scheme for robotic manipulators that restricts the torque commands of a position control algorithm to values that comply to predefined quantitative safety restrictions (impact potential). Schiavi et al. (2009) discuss the integration of active and passive approaches to robotic safety in an overall scheme for real-time manipulator control. The active control approach detects the presence and position of humans in the vicinity of the robot arm, and generates suitable motion references. The passive control approach uses variable joint impedance which combines with velocity control to guarantee safety in worst-case conditions, i.e. unforeseen impacts.
The ubiquitous potential field approach proposed by Khatib (1986) may seem an intuitive method to tackle safety-oriented application in terms of both path planning and real-time reactive control. The danger assessment can be directly connected to the values of the repulsive potential. One drawback of such an approach is that the classical potential field does not capture the relative motion between the robot and the obstacles. Kulic and Croft (2006) proposed a reactive, real-time control strategy to improve safety and intuitiveness of human-robot interaction. Furthermore, several danger indices have been formulated and used as an input to a real-time trajectory generation. A motion strategy consists of minimizing the danger index during a stable robot operation.
In Lacevic and Rocco (2010) , a dynamic model-based centralized control scheme for increasing safety in humanrobot interaction is proposed. The method relies on the safety assessment based on therein proposed quantity, called kinetostatic danger field. Henrich and Kuhn (2006) divide all safety aspects of the robot behavior into four groups (states) that easily fit into the formalism of a state transition diagram. A similar mechanism is used by Guiochet et al. (2008) to develop a quite rigorous framework to facilitate the specification of safety rules used by an independent safety monitor. Kuhn et al. (2006) use the camera and a force/torque sensor to obtain the maximum allowable velocity of the robot based on the relative posture of the robot and the human.
The work of Balan and Bone (2006) ; Lu et al. (2005) , presented a methodology for tracking a human in the vicinity of a robot, so as the solution to the problem of collision avoidance. First, they utilized an organized set of sensors (passive infrared sensors, pair of cameras and a pair of microwave sensors). Dempster-Shafer evidence theory was used to estimate the probabilities that a human occupies each cell in the occupancy grid. Secondly, they developed a collision avoidance algorithm that searches for collision-free paths by moving the end-effector along a set of pre-defined search directions. Lew et al. (2000) implemented a basic motion-planning and feedback-control algorithm for a robot working with a human in the same workspace. With the proposed control scheme, robots can be safe and easy to use when unexpected events occur. The algorithm comprises three features: inertia reduction, guaranteed passivity, and parametric path planning for preventing position error accumulation.
In De Luca and Ferrajoli (2008) , an interesting approach is presented where a lightweight robot performs an evasive motion upon detected physical contacts. Furthermore, the robot can persist in performing the task while exploiting redundancy for properly reacting to unexpected collisions. This paper describes a novel approach for safety enhancement for human-robot coexistence. The main contribution is a control strategy that embeds the safety information and can be entirely implemented on a kinematic level. Thus, the method is also suitable for the robots that require decentralized position control, e.g., industrial manipulators.
The remainder of the paper is organized as follows. In Section 2, the concept of kinetostatic danger field is briefly revisited, while in Section 3 we present our control design. Simulation study is given in Section 4 and concluding remarks in Section 5.
DANGER/SAFETY ESTIMATION
This section briefly recalls the cumulative danger field concept introduced in Lacevic and Rocco (2010) .
Let T be a point mass whose position and velocity are given by r t = (x t y t z t )
T and v t = (v tx v ty v tz ) T respectively. For convenience, we set ρ t = r − r t and v t = v t , where r = (x y z) T is a generic point in the world frame. Further, we define ϕ = ∠(r−r t , v t ) ∈ [−π, π) as the angle between vectors r − r t and v t . Definition 2.1. A differentiable scalar function DF R = DF R (r, r t ) is called a static danger field if it satisfies the conditions:
The static danger field (SDF) is obviously a radial scalar field, evaluated around the point r t that represents the "source of danger". Consequently, isosurfaces of the field are concentrated spheres with the center in r t . The further away the point r gets from r t , the smaller the danger field DF R (r, r t ) becomes. 
Beside the influence of the distance (condition iii)), the kinetostatic danger field (KSDF) captures two important aspects from the motion of the danger source. The first is the norm of the velocity vector (condition iv )), and the second is the declination angle ϕ between the velocity vector v t and the vector r − r t that joins the danger source with the point where the danger field is computed. Since the motion direction of the source is taken into consideration, isosurfaces are no longer spheres (see Fig.1 ). This implies that the gradient of the KSDF is not necessarily collinear with the gradient of the corresponding SDF, i.e. the radial ray r − r t .
We now extend the principle of KSDF in the sense that the danger source is no longer a point, but a part of a curve moving in
be the mapping that represents the piecewise smooth curve r t (s) = (x(s) y(s) z(s)) T , where s is the natural parameter and S is the length of the curve. Further,
T that assigns a certain velocity vector v t (s) to each point of the curve r t (s).
Definition 2.3. If DF (r, r t , v t ) is KSDF, then the cumulative kinetostatic danger field ( CKSDF) is defined as the following line integral: CKSDF captures the contribution of both position and motion of the curve in R 3 . Clearly, the concept of CKSDF can easily be extended to moving surfaces or bodies. In particular, it is possible to define the CKSDF of the rigid robot manipulator using (1), where the curve over which the integration is performed is the line approximation of the kinematic chain. Knowing the position and the velocity of the link endpoints (obtainable from the proprioceptive sensors measurements), one could evaluate both the position and velocity of any point on the chain just by using direct kinematics. Further, it is natural to compute the contribution of each link separately and then obtain the CKSDF as the superposition of these contributions. The field CDF (r) is by definition a scalar field. Nevertheless, a vector field can easily be constructed upon it. The most natural way to do so is by using its gradient:
Choosing a proper elementary KSDF, the overall danger field of the manipulator can be computed in closed form and represented via algebraic expressions (see Lacevic and Rocco (2010) for details). Fig. 2 shows the contour plot of the field induced by the motion of a 2DOF planar manipulator. For making it visually presentable as a function of two variables, the danger field is restricted to the plane in which the robot moves. Note the influence of the robot's velocity on the contours of the field.
CONTROLLER DESIGN
The danger-field-based control law designed in Lacevic and Rocco (2010) is a centralized, model-based control. Its implementation requires the knowledge of the manipulator dynamics and the access to low-level motion control. Although a lack of exact dynamic model of the manipulator can be resolved by a variety of robust control schemes (see e.g., Bascetta and Rocco (2010) ), the control approach described before may represent a serious culprit when considering an application of industrial manipulators that usually require decentralized position control (Ferretti et al. (2004) ). Two possible remedies for this problem can be found in Khatib et al. (2008) and Fusco (2005) . They consider the existing model-based control law and then try to transform the torque commands into position/velocity Fig. 3 . Mapping the vector of the danger field into desired displacements ∆p 0 of several points of interest on the manipulator servos that ought to provide nearly the same behavior of the manipulator.
The third approach, introduced herein, tries to resolve the problem completely on the kinematic level by using the danger field information to directly modulate the position/velocity commands. The idea is very similar to that of mapping the danger field into the repulsive force (and subsequently into torque commands via suitable transposed Jacobians) (see Lacevic and Rocco (2010) ) that yields safer postures of the manipulator. Instead of interpreting the scaled danger field vector as the force "attached" to several locations of the kinematic chain, it can be interpreted as a desired displacement of those locations in the world frame (see Fig. 3 ). To obtain the corresponding increment ∆q 0 for the vector of joint coordinates, the inverse kinematics is necessary. However, assuming that the norm of the desired displacement is small, the increment of the joint angles can be computed via transposed Jacobian, resembling the CLIK algorithm (Wolovich and Elliott (1984) ; Siciliano et al. (2009); Sciavicco and Siciliano (1988) ). For a single desired displacement ∆p 0 of the point S on the manipulator, the corresponding ∆q 0 is obtained by:
Here, J S,v (q) represents the first three rows of the Jacobian matrix J S (q) associated to point S while k p is a positive real parameter. As previously assumed, the displacement vector ∆p 0 is proportional to − −− → CDF . Without loss of generality, it can be assumed that ∆p 0 = − −− → CDF , because any scaling coefficient would be absorbed by k p . Thus:
(4) By division with the sample time ∆T , the equation (4) becomes the rule for shaping the velocity command responsible for evasive behavior:
where
∆T . The overall velocity command that captures the influence of all the relevant subjects/obstacles on all the manipulator's links can be defined as: where the first sum covers all the subject/obstacle positions r j and the second covers all the relevant points S on the kinematic chain. The signalq 0 is fed to the standard CLIK algorithm that computes the final position/velocity commands (see Figure 4) . The analytical expression for the control scheme from Figure 4 has the form:
where k e is a positive real parameter and
(8) is generalized inverse of the Jacobian weighted by the matrix W = diag {w 1 , w 2 , . . . , w n } . The vectorq 0 does not affect the motion of the end-effector because a suitable null-space projection is performed. Thus, the task consistency is preserved. To enable the task relaxation when a certain criterion is met, equation (7) is modified to:
where the signal m is defined as follows.
meaning that m = 1 if and only if the L p -norm of danger field values at each of the relevant locations r j , j ∈ {1, 2, . . . , N }, does not exceed a certain threshold ∆, where p ∈ N ∪ {∞}. From the implementation point of view, the positions r j can also be the locations of the landmarks immanent to subjects/obstacles. If the humans are considered, those landmarks may be the markers that are deliberately attached to the body or some features that are easily identifiable via vision system, e.g., head, shoulders, hands, etc. If necessary, the signal m may be processed by a low-pass filter before applying it within (10) in order to obtain a smooth transition.
SIMULATION STUDY
This section brings a validation of the proposed control approach. For the simulation purposes, we use a model of 6 DOF robot with revolute joints. Moreover, the scene includes a human that moves considerably close to the robot. The robot is modeled using the Robotic Toolbox for Matlab (Corke (1996) ), while the motion of the human figure is modeled using the data from Carnegie Mellon Motion Capture Database (CMU (2003)) and MATLAB Motion Capture Toolbox (Lawrence (2009) ). For the skeleton model of the human, we used a slightly reduced set of markers (see Fig. 5 ).
The first simulation scenario considers the human walking by the robot. The robot's task is to keep the Cartesian coordinates of the end-effector constant while performing the nullspace motion in order to decrease the danger for the human. The danger field is computed at the locations r j that correspond to the markers of the skeleton. The velocity commands are then easily obtained using the approach described in the previous section. The relevant points S on the kinematic chain used for computing the desired displacement ∆p 0 (see Fig. 3 ) are taken as distal endpoints of the links. without compromising the task (keeping the end-effector where it is). The profile of the danger field is given in Fig.  7 . Note that the ordinate axis shows the sum of the values − −− → CDF (r j ) over all of the relevant locations r j , i.e., the locations of markers.
In the second scenario, the position of the end-effector is deliberately set to intersect the path of the human. Clearly, at some point, the danger will reach a certain tolerance threshold and the task suspension will occur according to (10) and (11). Fig. 8 shows six snapshots from the second scenario. The human enters the scene (top-left) and walks towards the end-effector. Soon, the L 1 -norm of the set of danger field values reaches the threshold (top-right) and the task becomes suspended (mid-left). While the task is suspended, the danger level remains nearly constant (see Fig. 9 ). The task resumption will follow shortly after the danger field norm drops below the given threshold (∆ = 42). Each snapshot from Fig. 8 has an indicated fraction of the end-effector's path that corresponds to the interval between the previous snapshot (or the start of the simulation) to the current one. Fig. 10 shows the profiles of the end-effector coordinates. For a broader set of validation scenarios, the reader is referred to Lacevic (2011).
CONCLUSION
This paper introduced a novel approach for safety oriented control of robotic manipulators. It uses the knowledge about the danger of the subject in the robot's environment to shape the control commands in order to decrease the danger itself. Moreover, the control is developed entirely on the kinematic level and is also suitable for robots that require decentralized position control. The proposed control scheme also provides the redundancy resolution for safety enhancement without affecting the task behavior. The task suspension is enabled if a certain safety condition is violated. The presented approach is validated within a simulation study.
Future work will include experimental validation of the proposed method. A possibility to include a real-time local path planner will be investigated in order to better deal with the problem of task suspension/resumption.
